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Abstract 
Electronic states of monovalent ions in superionic conductors such as Li3N, 
and the lithium sulfide superionic conducting glasses, were calculated by the 
DV-Xα cluster method.   The movements of the cations were simulated by 
several model clusters with different positions of the moving cation.   The 
net charge of the moving cation and the total bond overlap population 
between the moving cation and the other ions were used for discussion of 
chemical bonding of the moving cation.  In the Li3N crystal, the total bond 
overlap population of the moving cation along the conduction path changed 
smaller than those of the other paths.   On the other hand, the changes of the 
net charges of the moving cations were similar in any paths.    Furthermore 
the relationship between ionic conductivity and the differential total bond 
overlap population (DBOP) was discussed in the lithium sulfide superionic 
conducting glasses.   The cluster models were constructed by the 
coordination number reported by experimental methods and the bond length 
estimated from the ionic radii of each ion.   Especially the relationship 
between ionic conductivity and the differential bond overlap population were 
discussed for the sulfide-based lithium ion conducting glasses in the systems 
Li2S-SiS2-Al2S3 and Li2S-SiS2-P2S5.   In these glasses, the DBOP with the 
movement of the lithium ion had good negative correlations with the ionic 
conductivities and positive correlations with the activation energies obtained 
by the experimental measurements.   In any cases, the smaller change of the 
total bond overlap population of the moving cations played an important role 
of the fast ion movement in the superionic conducting glasses, rather than the 
change of the net charge of the moving cations.   This bonding state of the 
moving cations is one of the characteristics of the electronic state in 
superionic conductors. 
 
 
1. Introduction 
     Recent 10 years we have investigated the electronic state of the ion movement in 
the solid state materials. [1-6]   In the SiO2-MxOy (MxOy = P2O5, TiO2, and ZrO2) gel 
films, the bonding state between the Na ions and the oxide ions were discussed.   In 
this case the covalent bonding between the Na and the oxide ions were the reason of the 
movement of the Na ions.   In the Li2S-SiS2-Li4SiO4 oxysulfide glasses, the Li ion 
conductivity of the rapidly quenched glasses was discussed from the viewpoint of the 
chemical bonding of the moving ions.   The addition of the Li4SiO4 made pyro 
oxysulfide groups with the bridging oxygen and this unit had the same covalent 
interaction with the surrounding Li ions, which was an origin of the high ionic 
conductivity of the oxysulfide glasses.   We have also looked into the electronic state 
of the Ag ions in AgI-based superionic conducting materials.   In this case we have 
proposed a method to simulate the movement of the ions in the molecular orbital 
calculations and discussed the change of the bonding state of the moving Ag ions.   
The result showed that the moving Ag ions had a very small change of the covalent 
bonding with movement through the conduction path rather than ionic interactions.   
This small change of the covalent bonding was one of the origins of the fast movement 
of the Ag ions in the AgI-based superionic conductors. 
     In these studies, we have paid attentions on the bonding state of the moving ions 
from the viewpoints of the interactions named covalency and ionicity between the 
moving ions and the surrounding ions.   Thus the covalent bonding of the moving ions 
should support an important part of the ion movement in the solid-state materials.   In 
the present study the electronic states of the Li3N crystal and sulfide-based superionic 
(or Li ion) conducting glasses were studied, in order to analyze the interaction of the 
moving ions in superionic conducting materials.   These materials are the typical Li 
ion conductors and have high ionic conductivities.   Furthermore the Li, the N, and the 
S ions usually have covalent interactions in the solid state materials.   We can expect 
that there are some relationship between the high ionic conductivity and the covalent 
interactions of the moving cations in these systems. 
 
2. Li3N crystal 
     There are several studies about the high Li ion conductivity of Li3N crystal by 
experimental measurements and theoretical calculations [7-10].   Several experimental 
studies reported that the Li3N crystal contained H+ ion impurities in interstitial positions 
and they make a certain concentration of the Li ion vacancies.   These vacancies are 
yield on the planes, which contains both Li and N ions, called Li2N plane.   It was 
reported that the activation energy of the movement of the Li ion on Li2N planes was 
0.004 eV [10].   In the Li3N crystal there is the other kind of the Li ions on the planes 
containing only the Li ions, which connect between the Li2N planes.   This kind of the 
Li ions hardly moves compared with that on the Li2N plane.   In addition to this, the 
Li3N crystal has the anisotropicity in the ionic conductivity and the Li ion conductivity 
along the c axis is much smaller than those of the a and b axes.    
   Thus the Li ion can move easily in the Li2N plane and hardly move in the Li plane.   
This is something strange from the viewpoint of the chemical bonding.   In the Li2N 
plane, the moving Li ions might have strong interaction with the N ions compared with 
those on the Li plane.  Generally the larger interaction between the Li and the N ions 
seems to impose constraints on the fast movement of the Li ion.   The experimental 
results, however, suggest that the fast movement of the Li ions in the Li3N crystal is not 
dependent on the smaller interaction between the Li and the N ions.  The chemical 
bonding of the Li ion should contribute to the fast movement of the Li ion in Li3N 
crystal. 
 
2.1. Calculation method 
 
     The DV-Xα cluster method [11], which is one of the first principle molecular 
orbital calculation methods, was used for the calculation of the electronic state of the 
Li3N crystal.   In this method, Slater's exchange potential was used, [12] 
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 where ρ is the electron density and α is a parameter.   There are many studies in 
which α = 0.7 is suitable for all elements [13, 14].   Then we have also adopted this 
value through this work. 
   The numerical basis functions were used in the method.   As the results, H and S 
matrices were evaluated by the weighted sum of the each value on the sample points 
distributed in the three-dimensional space. 
 
Sij = ω(rk )φi*(rk )φi(rk )
k
∑     (2) 
Hij = ω(rk )φi*(rk )h(rk )φi(rk )
k
∑    (3) 
 
   where φi is the basis functions, h is the Hamiltonian, ω is the weight of each sample 
point. 
   We have obtained bond overlap population between the ions and net charge of the 
ions by the Mulliken population analysis in order to discuss the bonding state of the Li 
and N ions. 
   Several model clusters were constructed by the crystal structure of the Li3N crystal. 
[8]  This crystal is assigned to the space group of P6/mmm and the lattice constants a 
and c are 3.65 and 3.88 Å, respectively.   The schematic diagrams of the model 
clusters are shown in Fig. 1.   The Li3N crystal has layer structure of two kinds of 
plane structures, the Li2N and the Li planes.   On the Li2N plane, there are Li and N 
ions that make hexagons.   On the Li plane there are only Li ions that are bonding 
with the N ions on the Li2N planes and are bridging between two Li2N planes.   The 
conduction path of the Li ions reported by several experimental studies is included in 
the Li2N plane.   Fig. 1(i) shows the model clusters for the conduction path in Li2N 
plane.   In this model, one Li ion was removed from the Li2N plane so that the 
neighboring Li ion can move to the vacancy.   The movement of the Li ion was 
simulated by using several model clusters with the different positions of the Li ion 
along the estimated conduction path, since it is fundamentally very difficult to 
manipulate the movement of the atoms and ions in the molecular orbital calculations.   
This method was already reported and was really very useful for the simulations of the 
movement of the Ag ions in the α-AgI crystal.[4]   Fig. 1(ii) shows the model cluster 
for the movement of the Li ions on the Li plane.   In this model cluster one Li ion was 
moved to the neighboring vacancy of Li site.   This path is not a suitable path for the 
Li ion in the Li3N crystal reported by several experimental studies. 
     The Li3N crystal has anisotropy of the Li ion conductivity and the conductivity 
along the c axis is much smaller than those in the a and b axes.   Then we have used 
model clusters of the movement of the Li ion toward the c axis shown in Fig. 1(iii) and 
(iv) for the comparison of the movement toward the different directions.   Since there 
are several possibilities of the conduction path toward c axis, we have adopted two 
possible paths for the model clusters. 
 
2.2. Results and Discussion 
     Fig. 2 shows net charge of the moving Li ions in clusters (i)-(iv).   In this figure, 
the abscissa shows the relative position of the moving Li ion.   Since the length of the 
conduction path (i)-(iv) are different, the value of 0 means the initial position and 1 
means the final position of the moving Li ion so that the position of the moving lithium 
ion in each path was normalized.   
   In the cluster (i), shown as closed circles, the net charge is 0.41 at initial position.   
It changes little with the movement of the Li ion and becomes 0.43 at the final position.   
The charge of the Li ion is almost the same and no obvious changes were observed in 
the cluster (ii), shown as closed squares.   In the case of the α-AgI the net charge of 
the moving Ag ion was changed and had a maximum at the middle position of the 
conduction path, called a saddle point.   In the Li3N crystal, however, there is no 
obvious change of the net charge of the Li ion during the movement.   In the cases of 
the clusters (iii) and (iv), shown as closed triangles and diamonds, the net charge of the 
Li ion at initial position is 0.28, which is clearly smaller than those in the clusters (i) 
and (ii).   The net charge of the Li ion was increased at x = 0.25 and was almost 
constant until x = 0.75.   At the final position the net charge becomes smaller again.   
This result might be caused by the structures of the model clusters.   In the clusters 
(iii) and (iv), the initial and final positions are located on the surface of the model 
clusters.   Though the surface atoms usually have larger electron density than the inner 
atoms, the net charges of the Li ions became smaller at the initial and the final positions 
in the clusters (iii) and (iv).      There were some difficulties of the calculations of 
the conduction path along with the c axis because the cluster size became two times 
larger than the clusters (i) and (ii) if all the Li ions around the conduction path through 
the c axis were located inside of the model clusters.   However, the net charge at the 
positions inside of the clusters, from x = 0.25 to x = 0.75, shows similar values as those 
observed in the cluster (i) and (ii).  
     Thus the net charges of the moving Li ions in the different paths are 
very similar each other and we can conclude that there is no obvious change 
of the ionic interaction of the moving Li ion in the experimentally reported 
conduction path compared with the other non-conduction paths. 
   Fig. 3 shows the total bond overlap populations (TBOP) of the moving Li ion in the 
model clusters shown in Fig. 1.   The TBOP means the summation of all the bond 
overlap populations between the moving Li ion and the surrounding ions, which shows 
the covalency of the bonding state of the moving Li ions.   
   In the cluster (i), which is the model of the Li2N plane, TBOP is 0.82 at the initial 
position and is slightly decreased with the movement of the Li ion.   There is a 
minimum of TBOP at x = 0.5.    The TBOP is increased after x=0.5 and is 0.79 at the 
final position.   Basically the similar change is observed in the TBOP of the moving 
Li ion on the Li plane.   In this plane the TBOP is 0.80 at the initial position and is 
decreased with the movement of the Li ion.   A minimum of TBOP is observed at x = 
0.5 and finally the TBOP becomes 0.78.   At the initial and the final positions the 
TBOP of the moving Li ion on the Li2N plane are almost the same as those on the Li 
plane.   However, at the middle position, x = 0.5, the TBOP on the Li2N plane is 
almost 0.1 larger than that on the Li plane.   As the result, the difference between the 
maximum and the minimum of the TBOP of the Li ion on the Li2N plane is 0.077, 
which is much smaller than that on the Li plane, 0.13.   This smaller change of the 
TBOP through the path is a characteristic of the bonding nature of the moving Li ion on 
the Li2N plane. 
     In the case of the movement of the Li ion toward the c axis, the different changes 
were observed.   In the model cluster (iii) for the c axis movement, the TBOP of the 
moving Li ion is 0.95 at the initial position.   The TBOP of the moving Li ion is 
decreased largely with the movement and becomes minimum, 0.72, at x = 0.5.   The 
change of the TBOP with the movement of the Li ion through the path toward the c axis 
is about 0.2, which is much larger than those in the clusters (i) and (ii).   The same 
tendency was observed in the cluster (iv).   The initial TBOP of the Li ion is 0.94 and 
the minimum is 0.70 at x=0.75.   The difference between the maximum and the 
minimum is 0.35.   In the clusters (iii) and (iv) the initial and final position of the 
moving Li ion are located on the surface of the clusters, since the cluster size became 
too large to calculate the electronic state of the Li ions if we have taken the extended 
model clusters for the c axis movement of the Li ions.   In general the surface ions 
have relatively large interaction with the surrounding ions.   This “surface effect” is 
the reason of the large change of the covalency in these model clusters.   However, 
since the net charge of the moving Li ion is almost the same as those on the Li and Li2N 
plane in the positions in the range from x = 0.25 to 0.75 as shown in Fig. 2, the result 
suggests that surface effect of the bonding state of the moving Li ion could be neglect in 
these positions. 
     In the case of the Li3N crystal, the TBOP of the Li ion on the Li2N plane changed 
smaller than those in the other paths.   This result suggests that the smaller change of 
the TBOP of the moving Li ion should play very important role on the fast movement of 
the Li ion in the Li3N crystal.   To discuss this smaller change, the details of BOP of 
the moving Li ions are shown in Figs. 4 and 5.   Fig. 4 shows the sum of the BOP 
between the moving Li and the surrounding N ions.   On the Li2N plane, the cluster (i), 
the BOP of Li-N is 0.64 at initial position and is decreased with the movement of the Li 
ion.   However, the change is very small and difference between the maximum and 
minimum is only 0.05.   In contrary to this, the BOP changes largely on the Li plane, 
the cluster (ii).   In this case the initial value is 0.60 and is decreased with the 
movement of the Li ion.   The BOP has the minimum of 0.39, at x = 0.5.   The 
difference is 0.21 which is considerably larger than that on the Li2N plane.   The 
similar results were obtained in the c axis models of clusters (iii) and (iv).   The BOP 
is 0.72 at the initial position and is decreased largely with the movement of the Li ion.   
The minimum is observed at x = 0.5, where the value is 0.35 for the cluster (iii) and 
0.37 for the cluster (iv).   The changes in the cluster (iii) and (iv) are more than 0.4.   
Especially during the positions from x = 0.25 to 0.75, which are the inner of the clusters, 
the BOP changed still larger than that of the cluster (i). 
   Fig. 5 shows another component of BOP of the moving Li ion, Li-Li interaction.   
On the Li2N plane, the cluster (i), the BOP of Li-Li is 0.19 at the initial position and is 
decreased little with the movement of the Li ion.   The BOP of the moving Li ion is 
almost constant through the path.   This "constant BOP" of the moving Li ion is the 
characteristic of the bonding state of the Li ion on the Li2N plane.   On the Li plane, 
the cluster (ii), the initial value of the BOP of the Li ion is 0.21 which is almost the 
same value as that in the Li2N plane.   However, the BOP is increased with the 
movement of the Li ion and has a maximum, 0.27, at x = 0.5.   The clusters (iii) and 
(iv) for the models of the movement along with the c axis, similar changes of the BOP 
of Li-Li were observed.   That is, at the initial position the BOP is 0.22 and is 
increased with the movement of the Li ion.   There is a maximum at x = 0.5 and the 
value is 0.33 for the cluster (iii) and 0.37 for the cluster (iv) which are larger than that 
on the Li plane. 
   We have previously reported that the moving Ag ion in AgI-based superionic 
conducting materials had very small change of the covalent bonding with surrounding 
ions through the path.   This small change was dependent on the covalent bonding 
between the moving Ag ion and the neighboring Ag ions, that is, Ag-Ag covalent 
interaction.   Such cation-cation covalent interaction was the characteristic of the 
bonding nature of the mobile Ag ion.   On contrary to this, there are no obvious Li-Li 
covalent interactions of the moving Li ions in the conduction path on Li2N plane, 
though the Li ions on the other non-conduction paths have relatively larger Li-Li 
interactions.   In the case of Li3N the moving Li ion on the Li2N plane has very small 
change of the covalent bonding of both Li-N and Li-Li through the movement along the 
path.   This might be one of the origins of the fast movement of the Li ion in the Li3N 
crystal. 
 
 
3. Sulfide-based Li ion conducting glasses 
3.1. Model clusters 
   As describe in the previous section, the smaller change of 
the TBOP of Li ion with the movement through the conduction path 
was observed in the Li3N crystal.   In this section, we have 
tried to estimate the relationship between the ionic 
conductivity and chemical bonding of the moving Li ions in the 
sulfide-based superionic conducting glasses.    
   In order to calculate the electronic state of the Li ion in 
the sulfide-based superionic conducting glasses, there is a 
hurdle to construct a model cluster, since it is difficult to 
obtain the detail of the structure around Li ions in the glasses 
by experimental methods.   The coordination number of sulfide 
ions to the Li ion and the distances between the Li ion and the 
first neighboring ions were reported about several kinds of the 
sulfide glasses. [15-17]   As based on these studies, we have 
adapted tetrahedral structure and estimated the bond length 
from the ionic radius of each ion reported by Shannon, [18] to 
calculate electronic state near Li ions.   Fig. 6 shows a 
schematic diagram of the model cluster to calculate the 
electronic state around the Li ion in the present work.   In 
this model, a lithium ion is located in the center and four 
sulfide ions are coordinated.   Each sulfide ion is included 
in a SiS4 unit, which has regular tetrahedron structure.   The 
outside sulfide ions of SiS4 units are terminated by lithium 
ions.   The distances of Si-S, Li-S, P-S, and Al-S are 2.10, 
2.43, 2.01, and 2.23 Å, respectively.   Near the center 
tetrahedral unit, three lithium ions are located on the outside 
to keep the cluster neutral.  The movement of the center Li 
ion was simulated by five clusters with different position of 
the ion.   The SiS2 content was changed with exchange Si in SiS4 
units with the other elements, such as Al and P.   In this case, 
the neutrality of the model clusters was adjusted by the number 
of the outside Li ions.   Then the contents of Al and P in the 
clusters could become 25, 50, 75, and 100 mol% in the present 
work.   To compare the theoretical results with the 
experimental ones, the bond overlap population of the 
composition corresponding to the experimental samples was 
obtained by interpolation of the results of these four 
compositions. 
     As previously reported, the covalency of bonding nature 
between the moving cations and surrounding ions were very 
important to realize the fast movement of the ions.   We 
investigated the total bond overlap population to estimate 
total of covalent interactions of moving cations and it was 
suggested that the cations, which could move easily, had small 
change of the total bond overlap population with the movement.   
In the present work we would like to introduce differential 
total bond overlap population (DBOP), to evaluate the 
relationship between the covalent interaction and the fast 
movement of the moving Li ions.   That is obtained by 
subtracting the minimum from the maximum of the total bond 
overlap population with the movement of the lithium ion through 
the path.   In this study the electronic state of the moving 
lithium ions were calculated in the systems Li2S-SiS2-Al2S3 and 
Li2S-SiS2-P2S5 to compare with the ionic conductivity. 
  
3.2. Results and Discussion 
 
     The composition dependences of the DBOP and the ionic 
conductivity at 25 ºC in the system Li2S-SiS2-Al2S3 are shown in 
Fig. 7.   In this figure, closed diamonds show the results of 
ionic conductivity reported in reference 19 and closed 
rectangles show DBOP in the 60Li2S•0.4(xAlS1.5•(100-x)SiS2) 
glasses.   The ionic conductivity is decreased with an increase 
in the compositional parameter x up to x=50 and then gradually 
decreased with further increase in x.    On the other hand, the 
DBOP shows opposite tendency with the Al2S3 content.   The DBOP 
at x=0 is 0.017 and shows increasing tendency with the Al2S3 
content to 0.057 at x=100.   As mentioned above, the faster 
movable cations in the superionic conducting glasses showed 
smaller DBOP with the movement.   In this system, the DBOP 
becomes smaller at the composition with the higher ionic 
conductivity.   Furthermore, there seems to be a correlation 
between the ionic conductivity and the DBOP. 
   Fig. 8 shows the composition dependences of the activation 
energy for conduction and the DBOP.   In this system, activation 
energy is increased with the Al2S3 content, corresponding to the 
decrease of the ionic conductivity.   The DBOP is also increased 
with x and might be found to correlate with activation energy.   
Then, we have estimated correlations of the DBOP with the ionic 
conductivity and the activation energy.   The ionic 
conductivity at 25 ºC and the activation energy for conduction 
in the 60Li2S•0.4(xAlS1.5•(100-x)SiS2), as a function of the DBOP, 
are shown in Fig. 9.   It is noteworthy that the ionic 
conductivity is decreased and the activation energy is 
increased linearly with an increase in the DBOP.    The 
evaluated correlation coefficient between the ionic 
conductivity and DBOP is -0.91 and that between the activation 
energy and DBOP is 0.90.   This result suggests that the DBOP 
significantly has a good positive correlation with the 
activation energy and a good negative correlation with the ionic 
conductivity in this system.    This is very interesting 
because the model clusters for this calculation were 
constructed without no strict structural informations obtained 
by experimental measurements.   Furthermore, these good 
correlations of DBOP support quantitative relations between 
DBOP and ionic conductivity.  
     The results of the DBOP analysis in the system Li2S-P2S5-SiS2 
are shown in Fig. 10.   This figure shows the composition 
dependence of DBOP and ionic conductivity at 25 ºC in the 
75Li2S•0.25(xPS2.5•(100-x)SiS2) glasses. [20]   In this system, 
the ionic conductivity is 0.64 x 10-4 Scm-1 at x=60 and is increased 
with increasing of the P2S5 content.   The conductivity becomes 
1.60 x 10-4 Scm-1 at x=75.   Contrary to this, DBOP of the moving 
Li ion is 0.031 at x=50 and is decreased with the P2S5 content.   
The composition dependence of the activation energy for 
conduction in this system is shown in Fig.11.   The activation 
energy is 35.0 KJmol-1 at x=60 and is almost flat up to x=80.   
Further increase in x results in a decrease in the activation 
energy.   This change is corresponding to the increase of ionic 
conductivity.   The DBOP of the Li ion shows similar variation 
with x, whereas the DBOP is decreased in the range of x larger 
than 75.   Since the change of the activation energy and the 
DBOP are also similar in this system, we have estimated the 
correlation between the experimental results and the DBOP. 
     Fig. 12 shows the DBOP dependence of ionic conductivity 
at 25 ºC and activation energy for conduction.   In this system 
the correlations of the DBOP with ionic conductivity and 
activation energy are very similar in the system Li2S-SiS2-Al2S3, 
i.e., a positive correlation of the DBOP with activation energy 
and a good negative one with ionic conductivity are observed, 
while the increase of activation energy with the DBOP is smaller 
than that in the case of the addition of Al2S3.   The correlation 
coefficient for the ionic conductivity is -0.92 and that for 
the activation energy is 0.51.   The small correlation 
coefficient of activation energy would be due to the difference 
of the composition where the DBOP and the activation energy 
start to decrease.   Nevertheless, there are good correlations 
of the DBOP with the ionic conductivity and the activation 
energy in the both systems Li2S-SiS2-Al2S3 and Li2S-SiS2-P2S5.   
This result suggests that the DBOP calculated by the DV-Xα 
method has a certain relationship with the ionic conductivity 
and the activation energy in the sulfide-based superionic 
conducting glasses. 
  
4. Conclusion 
     Electronic states of monovalent ions in superionic conductors such as Li3N, and 
the sulfide-based superionic conducting glasses in the systems 
Li2S-SiS2-Al2S3 and Li2S-SiS2-P2S5, were calculated by the DV-Xα 
method.   The differential the total bond overlap population 
( DBOP ) was obtained from the model clusters constructed with 
no strict structural parameters by experimental measurements.   
The DBOP had good correlations with the ionic conductivity and 
activation energy in the both systems.   This result suggests 
that the covalent interaction of the moving lithium ions is very 
important to understand the fast movement of the lithium ions 
in the sulfide-based superionic conducting glasses.   The DBOP 
estimated by the DV-Xα method could be applied to design new 
sulfide-based superionic conducting glasses.  
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Figure captions 
Fig. 1   Schematic diagram of the Li3N model clusters. 
Fig. 2   The relationship between the net charge and the 
position of the moving Li ion in the model clusters (i)-(iv). 
•: cluster (i), •:cluster (ii), ▲:cluster(iii), •:cluster (iv) 
Fig. 3   The relationship between the total bond overlap 
population and the position of the moving Li ion in the model 
clusters (i)-(iv). •: cluster (i), •:cluster (ii), 
▲:cluster(iii), •:cluster (iv) 
Fig. 4   The position dependence of bond overlap population 
between the moving Li and the neighboring N ions. •: cluster 
(i), •:cluster (ii), ▲:cluster(iii), •:cluster (iv) 
Fig. 5   The position dependence of bond overlap population 
between the moving Li and the neighboring Li ions. •: cluster 
(i), •:cluster (ii), ▲:cluster(iii), •:cluster (iv) 
Fig. 6   Schematic diagram of the Li16Si4S16 model cluster. 
 Fig. 7   The composition dependence of ionic conductivity and 
DBOP in the 60Li2S•0.4(xAlS1.5•(100-x)SiS2) glasses. 
 
Fig. 8   The composition dependence of the E
a
 of the ionic 
conductivity and DBOP in the 60Li2S•0.4(xAlS1.5•(100-x)SiS2) 
glasses. 
 
Fig. 9   The relationship between the ionic conductivity, Ea 
and DBOP in the 60Li2S•0.4(xAlS1.5•(100-x)SiS2) glasses.  
 
Fig. 10   The composition dependence of ionic conductivity and 
DBOP in the 75Li2S•0.25(xPS2.5•(100-x)SiS2) glasses. 
 
Fig. 11   The composition dependence of the E
a
 of the ionic 
conductivity and DBOP in the 75Li2S•0.25(xPS2.5•(100-x)SiS2) 
glasses. 
 
Fig. 12   The relationship between the ionic conductivity, Ea 
and DBOP in the 75Li2S•0.25(xPS2.5•(100-x)SiS2) glasses.  
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          Fig. 4  Y. Kowada et al 
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          Fig. 5  Y. Kowada et al 
 
 
 
 
 
 
 
 
  
